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Abstract 
Polycyclic aromatic hydrocarbons (PAH) are produced by many industrial processes and, according to 
many studies, the highest exposure levels have been measured in coking plants and foundries. One of 
the aims of this investigation is to determine whether or not the use of carbon stable isotopic analysis 
could aid in the identification of the source of PAHs, by the monitoring of these compounds derived 
from a wide range of coals of different origins.  
 
Tars from coals internationally used as components of commercial coking blends were obtained by 
the Gray-King test. A coking blend, prepared with different proportions of some of these coals, was 
also tested. The tars were preliminarily analysed by GC-MS in order to determine the concentrations 
of the USEPA priority pollutant PAHs, which would have implications in the eventual emissions that 
may take place in the industrial coking process. 
  
Further analysis of the tars by GC-IRMS was carried out, in order to determine the 13C/12C ratios 
(d13C) of the PAHs present, the results of which would detect differences depending on the origins of 
the coals. The values obtained by analysis of the coal blends were also compared to those of their 
component coals, and gave indications about the possibility of predicting both the quantity of PAHs 
emitted, and the d13C values of those PAHs, from a blend. 
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INTRODUCTION 
 
For coal conversion processes, the isotopic values of PAHs generated are controlled by the 
extent of ring growth required to form the PAHs during processing.  For relatively mild 
conversion regimes (e.g. low and high temperature carbonization, domestic combustion), the 
isotopic signatures of PAHs are similar to those of the parent coals (ca. –25 ‰, cf. –23.5 ‰ 
for UK coals). It may thus be concluded that, when PAHs are released as primary 
devolatilisation products with relatively minimal structural alteration, little in the way of 
isotopic fractionation occurs. However, when PAHs result from ring growth, the smaller 
hydrocarbons in the primary volatiles must undergo a series of complex transformations 
involving carbon-carbon bond formation, cyclisation and ring fusion. In one or all of these 
processes, 12C will be preferentially incorporated into the PAH where a kinetic isotope effect 
is operative. Although PAH distributions can be altered markedly by environmental 
processes, it has been demonstrated that, for low temperature coal tar, the isotopic values of 
the parent PAHs remain fairly constant. (McRae et al., 1999).  
 
The 18 coals selected are used as components of commercial coking blends and have been 
analysed using the Gray-King test, in order to determine the amount of tars released under 
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carbonisation or coking conditions. A blend prepared with different proportions of these coals 
has been also tested. Extracts prepared from the tars were analysed by GC-MS in order to 
determine the concentration of 19 priority pollutant PAHs, and further analysis by GC-IRMS 
was also carried out. It was considered that determination of the 13C/12C ratios (d13C) of the 
PAHs present may detect differences depending on the origins of the coals, since most work 
on source apportionment of PAHs for the combustion or carbonisation of coals has been 
carried out on those coals sourced from the UK. 
 
EXPERIMENTAL 
 
The 13 coals selected are used as components of commercial coking blends and among other 
analyses, they have been characterised by proximate analysis, determination of the sulphur 
content and the vitrinite reflectance, and Gieseler plastometry. They have been analysed 
using the Gray-King test, in order to determine the amount of tars released under 
carbonisation or coking conditions. One coking blend prepared with some of these coals has 
been also tested. Tars were recovered after the Gray-King tests, and dichloromethane 
solutions were prepared with them for GC-MS and GC-IRMS analyses. 
 
Coking tests were conducted in a movable wall oven using ca 250 Kg of coal, adjusting the 
bulk density (dry basis) at 750 Kg m-3. The heating rate was 14 °C h-1, from 880 °C (charging 
temperature) to a final temperature of 1130 °C (1025 °C in the centre of the charge), reached 
after 18 h of heating. 
 
PAHs samples were taken with a typical device, consisting of an XAD-2 resin cartridge for 
the vapour phase PAHs and a filter for the PAHs retained in particulate matter. Both the resin 
and the filter were jointly Soxhlet-extracted in dichoromethane (DCM) in order to recover the 
PAHs adsorbed. Samples were taken at 4 m away from the oven door, during the whole 
coking test. 
 
GC-MS analysis  
GC–MS analyses were performed with a Varian 1200 GC-MS-MS equipped with a 1078 
Varian autosampler and a Varian FactorFour VF-5 fused silica capillary column (30 m×0.25 
mm ID, 0.25 µm film thickness). Samples were injected in splitless mode and a column oven 
temperature profile of 50°C (5 min) to 300°C (20 mins) at a rate of 8°C min-1, was used. 
Temperature for the injector and transfer interface was kept at 280 °C and 300 °C, 
respectively. The operating conditions of the ion source were:  temperature 280°C, scan range 
m/z 50–450, electron impact mode (at 70 eV), scan rate 2 scan s-1. The performance of the 
instrument during each sample run was checked by monitoring the peak area of 
triphenylmethane (C19H16=244) spiked into the sample solution prior to GC–MS analysis (0.1 
mL of a 50 mg L-1 DCM solution).  
 
GC-IRMS analysis 
Both bulk and compound-specific δ13C measurements were carried out using a Thermal 
Finnigan Delta+ XP instrument. For the former analyses, ca 5 mg of each tar was combusted 
in a Thermo Finnigan FlashEA 1112 elemental analyser, prior to the introduction of the CO2, 
so produced, into the isotope ratio mass spectrometer for carbon stable isotopic analysis. For 
compound-specific analysis, samples w ere injected into a gas chromatograph, in split mode, 
with helium as the mobile phase. After chromatography, each component passed through a 
ceramic oxidation reactor at 750ºC in order to generate the CO2 required for analysis. About 
20-50 µ g of each sample was injected to reach desirable signal intensities. T he analysis of 
each sample was repeated 2 to 3 times in order to obtain reliable data. 
 
RESULTS 
 
Some analytical data of the coals and blends and the product yields obtained in the Gray-
King tests are listed in Table 1. The Gray-King test performed on these gives rise to cokes of 
all the types, from low (A, B, C or D types) to high quality (Gx). Some of these coals have 
been used to prepare the coking blend, on the basis of not only on the quality of the coke 
produced, but also the performance of the coals during the coking process. The composition 
of the coal blend is listed in Table 2. The amounts of  PAHs obtained in the Gray-King tars 
are noted in Table 3. 
 
 
TABLE 1: Analytical data and Gray-King yields of some commercial coals and industrial coking blends. 
Content (%) Gray-King yields (%) 
Coals 
Moist. 
(ar) 
Ash 
(db) 
VM 
(db) 
S 
(db) 
Max. 
fluid. 
Vitrinite 
reflec. Tar Semic. Gas 
Gray-
King 
type 
C01 7.8 6.1 30.6 0.90 4.43 1.13 12.54 80.04 7.42 Gx 
C02 6.5 7.0 29.4 0.77 4.32 0.97 14.25 77.97 7.79 Gx 
C03 9.4 8.1 27.6 0.77 3.28 1.36 10.02 82.65 7.33 Gx 
C04 10.0 9.0 27.6 0.71 3.73 1.10 10.14 82.91 6.95 Gx 
C05 10.4 7.8 27.2 0.63 3.20 1.02 9.42 83.42 7.16 Gx 
C06 8.4 9.5 23.3 0.61 2.93 1.17 6.80 87.43 5.77 G1 
C07 10.5 9.8 23.3 1.10 3.14 1.34 6.36 87.81 5.83 E 
C08 11.8 8.1 23.2 0.56 2.14 1.07 7.92 86.00 6.09 E 
C09 10.1 9.6 22.1 0.64 2.76 1.16 6.43 88.19 5.38 G2 
C10 10.3 7.9 22.0 0.57 2.47 1.27 5.87 88.41 5.72 G2 
C11 9.2 9.3 22.0 0.49 1.66 1.33 5.81 87.94 6.26 E 
C12 8.6 9.2 19.1 0.68 1.62 1.43 3.44 93.36 3.20 C 
C13 9.2 8.6 15.0 0.46 0.06 1.51 4.24 93.96 1.80 B 
Maltby 3.0 2.3 34.9 1.29 3.19  15.20 76.13 8.67 Gx 
Coking blend 
P01 9.4 8.6 24.3 0.73 2.96 1.21 7.22 86.42 6.36 G2 
Moist.: Moisture.  ar: as received.  db: dry basis.  Semic.: Semicoke 
Max. fluid.: Maximum fluidity, given as log(ddpm).   ddpm: dial divisions per minute. 
 
 
TABLE 2: Composition of the coking blend analysed. 
Coals C01 C03 C04 C05 C06 C07 C09 C10 C13 
P01 10 7.5 4.83 14.0 20.83 15.83 12.5 7.5 7.0 
 
 
Figure 1 compares the total contents of the 19 PAHs considered in the individual coals. In 
general, the coals which gave rise to the highest quality cokes (Gx) also yielded the highest 
contents of the PAHs in the Gray-King tars. As a comparison, Maltby coal (a coal with a high 
percentage of volatile matter), displayed the highest PAH content. However, although the 
PAH content of the coals was not one of the criteria used to prepare the coking blend 
considered in this study, the coals used as the main components possessed moderate levels of 
these compounds. 
 
 
TABLE 3: Concentration of selected PAHs present in the Gray-King tars of some coals and blends. 
 Concentration (mg g-1 of coal) 
PAHs C01 C02 C03 C04 C05 C06 C07 
Naphthalene 203.18 127.59 109.43 96.49 69.70 57.64 55.65 
Fluorene 55.09 47.43 47.01 23.87 25.73 29.92 35.79 
Phenanthrene 71.61 67.84 43.48 23.66 24.67 21.35 38.70 
Anthracene 86.12 82.31 69.41 50.94 45.34 28.78 31.91 
Fluoranthene 19.94 17.87 13.14 11.34 6.04 7.32 13.75 
Pyrene 55.31 44.15 43.40 27.15 25.26 16.73 16.28 
Benzo[a]fluorene 98.10 77.44 29.17 37.12 49.51 31.86 42.09 
Benz[a]anthracene 40.84 24.55 39.22 19.32 25.16 22.25 28.39 
Chrysene 78.83 27.91 38.68 17.17 25.67 22.88 28.71 
Benzo[b]fluoranthene 8.90 11.28 11.61 12.20 12.68 19.29 25.63 
Benzo[k]fluoranthene 9.35 12.01 13.63 4.20 3.61 4.76 6.38 
Benzo[a]pyrene 14.49 24.91 32.09 24.95 24.29 26.90 22.70 
Indene[1,2,3cd]pyrene 6.91 10.23 7.11 3.29 2.63 4.37 3.62 
Dibenz[ah]anthracene 5.42 12.97 7.08 10.15 4.07 6.84 5.87 
Benzo[ghi]perylene 13.49 13.13 15.65 10.67 13.67 13.36 17.02 
Total 972.15 783.33 720.59 511.50 463.30 428.52 514.97 
 
 
TABLE 3: (Cont.) Concentration of selected PAHs present in the Gray-King tars of some coals and blends. 
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FIGURE 1: Total content of the 19 PAHs in the Gray-King tars of the individual commercial coals. 
 
 
TABLE 4: Emission of PAHs in the 250 Kg movable wall coke oven tests. 
 Concentration (mg m-3) 
Compound C07 Maltby 
Naphthalene 69.85 385.76 
Fluorene 1.92 12.67 
Phenanthrene 42.62 67.27 
Anthracene 1.57 14.92 
Fluoranthene 25.17 43.34 
Pyrene 21.54 35.19 
Benzo[a]fluorene 5.83 4.26 
Benz[a]anthracene 29.54 31.19 
Chrysene 45.89 32.20 
Benzo[b]fluoranthene 11.51 18.95 
Benzo[k]fluoranthene 36.67 21.88 
Benzo[a]pyrene 38.03 23.93 
Indene[1,2,3cd]pyrene 6.83 16.69 
Dibenz[ah]anthracene 0.34 2.31 
Benzo[ghi]perylene 6.50 15.75 
Total 507.24 796.34 
 
 
As an example, the concentrations of the emitted individual PAHs through the entire coking 
tests in the case of coals C07 and Maltby are listed in Table 4. In accordance with the 
contents of PAHs in the tars (Table 3, Figure 1) and to the volatile matter content of the coals 
(Table 1), Maltby coal gives rise to a more significant total PAH emissions than coal C07. 
 
Exemplar chromatograms obtained from GC-MS analysis of Gray-King tars supplied by 
INCAR are illustrated in Figure 2. It may be noted that the amounts of individual PAHs were 
very small compared with whole tar yields. The upper chromatogram illustrates the Total Ion 
Current signal from the instrument, exhibiting a pronounced rise in the baseline, owing to the 
presence in the sample of a multitude of closely eluting components, contributing to an 
Unresolved Complex Mixture (UCM). In order to more fully visualise the PAHs from the 
Gray-King tars, the display was set such that only the masses of the molecular ions of the 
compounds of interest were shown (Single Ion Recording; SIR mode). These were m/z=128, 
154, 156, 178, 202, 216, 226, 252, and 276. This can be observed in the lower trace, where 
the UCM has been virtually eliminated, as have most of the alkane and substituted aromatic 
components of the tar. 
 
 
 
FIGURE 2 :  GC-MS chromatograms derived from the analysis of Gray-King tars of an internationally-traded 
coal. The upper trace represents the total DCM-soluble fraction, the lower trace those compounds recorded by 
operating the GC-MS in SIR mode. 
 
 
Table 5 illustrates the carbon stable isotopic variations of selected PAHs derived from Gray-
King tars of a suite of the commercial, internationally-traded coals (Figure 3 displays typical 
GC-IRMS chromatograms). Further analysis of the bulk tars by GC-IRMS yielded values for 
commensurate with those already obtained from UK-sourced coals, viz -23 to -25‰ VPDB 
(Table 6).  
 
 
TABLE 5: d13C values for selected PAH components of Gray-King tars (‰, VPDB 
 C01 C02 C03 C04 C05 C06 C07 
Naphthalene -24.2 -23.9 -24.6 -24.3 -23.5 -23.8 -22.9 
Phenanthrene -24.3 -24.6 -23.8 -24.1 -23.9 -24.7 -23.1 
Anthracene -24.2 -23.9 -23.5 -23.8 -24.1 -23.1 -23.2 
Pyrene -24.8 -24.1 -25.2 -24.2 -25.1 -24.1 -23.4 
Benz(a)pyrene -24.4 -24.7 -24.8 -24.7 -24.4 -24.5 -24.1 
Benzfluoranthene -25.1 -24.9 -25.2 -25.4 -24.4 -24.1 -25.1 
Indene[1,2,3cd]pyrene -25.5 -26.3 -24.9 -25.5 -25.4 -25.1 -25.8 
 C08 C09 C10 C11 C12 P1 Maltby 
Naphthalene -23.8 -24.5 -24.3 -23.6 -23.6 -24.1 -23.1 
Phenanthrene -23.5 -23.6 -23.5 -23.6 -23.5 -23.6 -23.2 
Anthracene -24.1 -23.8 -24.2 -24.1 -23.5 -24.1 -23.8 
Pyrene -23.8 -24.1 -24.5 -23.8 -24.1 -24.5 -24.1 
Benz(a)pyrene -25.1 -24.9 -24.2 -24.7 -23.9 -24.5 -24.1 
Benzfluoranthene -25.1 -24.8 -25.2 -25.6 -25.7 -24.7 -24.5 
Indene[1,2,3cd]pyrene -26.7 -26.4 -25.5 -26.3 -26.3 -25.5 -24.7 
 
 
TABLE 6: Bulk d13C  values for the Gray-King tars of the parent coals 
Coal Bulk d 13C (‰, VPDB) 
C01 -24.0 
C02 -24.1 
C03 -23.8 
C04 -24.0 
C05 -24.7 
C06 -23.8 
C07 -23.3 
C08 -24.3 
C09 -23.7 
C10 -23.3 
C11 -23.4 
C12 -23.8 
C13 -22.5 
 Coking blend 
P01 -23.7 
 
 
CONCLUSIONS 
 
The d13C signature of PAHs released from a blend of internationally-traded coals is not 
sufficiently defined so as to be diagnostic of the individual coals. 
 
The similarity of the d13C values of PAHs derived from this selection of globally-sourced 
coals, with those already obtained from coals of predominantly UK origin, does, however, 
suggest that the technique of source apportionment of PAHs by compound specific isotope 
ratio mass spectrometry may be applied more widely to this type of priority pollutant. 
 
 
 
FIGURE 3: A typical GC-IRMS chromatogram produced from the analysis of the aromatic fraction of a Gray-
King tar of a commercial, internationally-traded coal. The upper trace is the d13C signal, the lower the output  
from the GC-FID 
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